Toxoplasma gondii causes severe damage to the central nervous system in immunosuppressed individuals, particularly Aids patients (Luft et al. 1993) and in cases of congenital transmission (Wong & Remington 1994) . When women or sheep are infected for the first time during pregnancy, the maternal immune response seems to protect the mother but not the fetus . Previous studies have shown that cellular immunity is depressed during pregnancy (Holland et al. 1984) but recent studies have shown that, rather than a depression of the immune response, a predominant Type 2-like response may explain the maternal fetal tolerance (Wegmann et al. 1993 , Thouvenin et al. 1997 . Immunity induced by a previous infection in humans or sheep is effective in the prevention of congenital transmission and parasite-induced abortion (Beverley & Watson 1971) . Roberts and Alexander (1992) demonstrated that the Balb/c mouse can be used as a model of human or ovine congenital T. gondii infection. Infection of dams for the first time during the early period of gestation (day 7) results in fetal death, reabsorption or still-birth. On the other hand, mortality is reduced if dams are infected later in pregnancy (day 12). Neverthless, Balb/c dams are infected several weeks before mating, they develop an immunity capable to protect totally their embryos, even if reinfection occurs during pregnancy. This model is suitable for testing new chemotherapeutic agents to prevent the vertical transmission of T. gondii during acute phase (Fux et al. 2000) .
Vaccination with live attenuated T. gondii in mice has been found to limit abortion and vertical disease transmission during pregnancy (McLeod et al. 1988) . Furthermore, vaccination with soluble tachyzoite antigen (STAg) incorporated into liposomes prevented fetal death, and congenital infection was significantly curtailed (Roberts et al. 1994) . However, the development of vaccines in the future will need to take into account all the lifecycle stages to be targeted, as well as the type of immune responses that must be generated in each tissue site.
In a number of studies, Freund's complete adjuvant has been shown to be ineffective in enhancing protection against toxoplasmosis (Kasper et al. 1986 , Alexander et al. 1993 ). However, administration of purified T. gondii antigen in the encapsulated form in liposomes (Bulow & Boothroyd 1991 , Elsaid et al. 1999 or in non-ionic surfactant vesicles (Alexander et al. 1993) , was found to enhance protection against infection by T. gondii in mice. Furthermore, immunization with Escherichia coli expressed recombinant SAG1 (Petersen et al. 1998) or with STAg together with cytokine interleukin-12 (Yap et al. 1998) , induced a partial protection against lethal infection with T. gondii in mice.
In this study, we determined the ability of different stage-specific soluble antigens of T. gondii and of a mixture of them in the encapsulated form in liposomes to reduce congenital transmission of toxoplasmosis in Balb/c mice.
MATERIALS AND METHODS
Mice -Three to four months-old female Balb/c mice were obtained from the experimental animal breeding laboratory of the Universidade Federal de Minas Gerais, divided in nine groups of seven animals.
Parasites -Tissue cysts were obtained from the brain of Swiss mice infected two months previously with T. gondii P strain of low virulence or moderately virulent C4 strain, isolated from dogs in São Paulo, Brazil (Jamra & Vieira 1991) . For antigen preparation, tissue cysts from the brain tissue of mice infected with the T. gondii C4 strain were purified and processed as described in our previous study (Elsaid et al. 1999) . Tissue cysts of the P strain were used for oral-challenge infection of immunized mice. Tissue cysts of the low virulence P strain were used for oral challenge since normal dams infected with four cysts survive until delivery (0% mortality at day 30 after inoculation).
The N strain (Nobrega et al. 1952 ) was used to produce the STAg and the purified tachyzoite antigen (pTAg).
Tachyzoite antigen -STAg and pTAg were obtained as previously described (Elsaid et al. 1999) . Briefly, tachyzoites of the N strain were sonicated using five periods of 30 sec at 40 hertz at 1 min intervals. After centrifugation at 4°C (30 min/13,000 g) the supernatant was collected and used as STAg. pTAg was obtained by immunoaffinity, using the N strain STAg and an affinity column of the anti-P32 mAb (Elsaid et al. 1999) coupled to cyanogen bromide-activated Sepharose 4B.
Liposome preparation and antigen incorporation -Antigens were incorporated into liposomes as described by Elsaid et al. (1999) , using the dehydration-rehydration method (Kirby & Gregoriadis 1984) . Antigens-containing vesicles were washed three times in PBS at 13,000 g and the entrapped protein concentration was determined by the method described by Bradford (1976) .
Immunization and challenge of Balb/c miceFemale Balb/c mice were immunized subcutaneously with three inoculations at two-week intervals using a different type of antigens of T. gondii as shown in Table I . Three control groups were inoculated with either PBS, FCA with PBS, or empty liposome (L). All pregnant mice were challenged with four cysts of P strain orally 14 days after the final immunization between the 10th and 14th day of pregnancy.
Congenital disease model -Immediately after the third immunization, three virgins Balb/c immunized mice were housed with one male for five days and were then housed separately to rear their pups. Pregnant dams were infected between the 10th and 14th day of pregnancy. Litters were fostered to uninfected lactating dams as soon as possible after birth to prevent the possibility of infection through suckling. The numbers of live and dead pups were recorded. All surviving pups were killed by exsanguination under anesthesia at six weeks old. Detection of congenital infection was carried out according to Fux et al. (2000) through examination of cysts in the brain of the pups, by enzyme linked immunosorbent assay (ELISA) or bioassay of pup tissues. Pups were considered uninfected when antibodies to T. gondii were not found and when T. gondii parasites were not demonstrated.
ELISA -ELISA was performed as described by Fux et al. (2000) . Briefly, microplate were coated with STAg. Sera were diluted 1:64 in PBStween-20 at 0.05%, in duplicate and incubated at 37ºC for 45 min. Then the plate was washed and 100 µl of peroxidase conjugated IgG mouse antiimmunoglobulin was added to each well. The reaction was visualized with orto-phenylenodiamine and stopped with 4N-H 2 SO 4 . Absorbance was read at 490 nm on a Microplate Reader BIORAD 3550.
Bioassay -The bioassay of pup tissues was carried out on newborn offspring, which died during the experimental period. Portions of the brain, heart, lung and liver of each dead pup were pooled, ground in a mortar with a pestle, suspended in antibiotic saline, and inoculated intraperitoneally into Swiss female. These mice were then examined for T. gondii infection after 30 days by parasitological and serologic tests (Fux et al. 2000) .
Immune response in immunized mice -All mice were bled prior to immunization and seven days after the third immunization. Antibodies were determined by ELISA as described for detection of congenital infection.
T-cell proliferation assay -Spleens from three immunized mice with L/STAg, L/STCAg, L/pTAg, STAg, FCA/STAg and PBS were removed aseptically. Splenocytes were cultured at a concentration of 2.5 X 10 5 cells/0.1 ml in RPMI 1640, supplemented with 25 mM sodium bicarbonate, 25 mM HEPES buffer (Sigma), 3mM L-glutamine, 10% of antibiotics and antimycotics (10.000 U/ml penicillin, 10 mg/ml streptomycin and 25 µl amphotericin B, Sigma) and 10% fetal bovine serum. Cells were stimulated with 3.5 µg/ml STAg or Con A in triplicate. The cells were incubated at 37°C in 5% CO 2 , for three days. On the fourth day, 0.5 µCi of [3H] thymidine (NEN Research products, DuPont, Boston, US, sp. Act.6.7 Ci/nmol) was added to each well. After 6 h, the cells were collected on glass filter strips and the mean count per minute (cpm) was determined by scintillation counting. The stimulation index (SI) was calculated as the mean cpm of antigen stimulated cultures divided by the mean cpm of unstimulated cultures. The base line level of positive was an SI > 2.5.
Statistical analysis -The incidence of congenital transmission, fetal death and SI were evaluated by the Chi-squared test and Student's t test. The absorbance means of ELISA were examined using the Duncan test (Duncan 1955 ) at 5% level of probability.
RESULTS
Vertical transmission -Congenital transmission occurred in all groups of immunized and non-immunized dams (Table II ). The highest rates of congenital infection (91%, 93% and 88%) were found in pups born from non-immunized dams (L/PBS, FCA/PBS and PBS). Only groups immunized with antigen-containing liposomes (L/STAg, L/SCAg, L/STCAg and L/pTAg) showed a significant reduction in congenital transmission (40% to 58%) with respect to control groups (p<0.05). It was also noteworthy that these groups showed a significantly lower level of transmission than the FCA/ STAg group (p<0.05).
Pup mortality -The number of pups that were born dead or died after birth, was also determined (Table II) . The highest mortality levels (43%, 45% and 46%) were found in pup groups born of nonimmunized dams (FCA/PBS, L/PBS and PBS) or dams immunized with STAg in PBS alone (52%). A much lower mortality rate (8%, 7% and 5%) was found in pup groups originated from dams immunized with L/STAg, L/STCAg and L/pTAg. The latter pup group showed significantly lower mortality rate than all other groups (p<0,05).
Immune response -Immunization of Balb/c female mice with different T. gondii antigens resulted in significant antibody production (Table III) specific antigen (tachyzoites and tissue cysts). While previous studies in mice have indicated that vaccination with live-attenuated (McLeod et al. 1988) or STAg T. gondii in liposomes (Roberts et al. 1994) can reduce abortion and congenital toxoplasmosis transmission, this is the first time that a pTAg and a cocktail of life-cycle stage-specific antigen has been shown to protect against congenital infection.
However, as demonstrated in previous studies by Roberts et al. (1994) , Kasper et al. (1986) , Bulow and Boothroyd (1991) , Yap et al. (1998) and Khan et al. (1988) , the adjuvant used can greatly influence the vaccine's effectiveness irrespective of the antigen involved. We found that the incorporation of TAg (purified P32 or soluble) in liposomes significantly increased the degree of protection against congenital transmission. The use of STAg emulsified in FCA or without adjuvant, did not show significant protection against vertical transmission. A similar result has been demonstrated by Roberts et al. (1994) using P30 emulsified in FCA.
As demonstrated by Roberts et al. (1994) , vaccination with STAg without adjuvant increased the rate of fetal death, above that found in the litters from non-vaccinated dams. Our results confirm this observation. Immunization of Balb/c mice with STAg alone and subsequent infection with four cysts of the P strain result in the increased of the incidence of fetal death. Roberts et al. (1994) hypothesized that either STAg contained counter-protective as wells protective antigen, or that those antigens which are protective by one route (entrapped in vesicles) are exacerbative in the free soluble form. It is not known if the immunization of normal pregnant Balb/c mice using the described antigens, without parasite challenge infection, influence the lethality of the pups.
As we described previously (Elsaid et al. 1999) , with the use of combining TAg and cysts encapsulated in liposomes, all mice survived after challenge with 80 cysts of P strain (LD90). Only 9 (90%) and 7 (70%) of the mice immunized with tachyzoite or cysts antigens, respectively, survived. In this study we compared the effect on vaccine efficacy of combining antigens of different stages to reduce congenital infection. Although the combination of both antigens (L/STCAg) reduced congenital transmission, the differences were not statistically significant when compared to the two other groups (L/STAg and L/SCAg).
The methods used here for the determination of infection are sensitive enough to detect congenital toxoplasmosis in Balb/c mice. Roberts and Alexander (1992) , that proposed the present model, and Roberts et al. (1994) , who tested vaccines in this model, just use ELISA to detect fetal infection. We evaluated congenital toxoplasmosis through ELISA, examination for cysts in the brain of the pups and bioassay of pup tissues (Fux et al. 2000) . The association of these methods certainly increased the sensitivity of infection detection.
The antibody level by ELISA, after immunization, was significantly higher in all the groups of mice immunized with T. gondii antigen but the differences among groups were not statistically significant. In the same way, the proliferation of splenic cells happened in all the groups of immunized mice. While immunization with L/STAg, L/STCAg and L/pTAg resulted in a spleen population, which produced higher specific proliferative responses than STAg emulsified in FCA or STAg in PBS, these differences were not significant. This seems to indicate that immunization with L/pTAg or total tachyzoite and/or bradyzoite antigen incorporated into liposomes developed a protective immunity (humoral and cellular) that could contribute to the limitation of the systemic spread of T. gondii and reduce vertical disease transmission.
Our results, using a purified antigen or a cocktail of T. gondii antigen, confirm our previous study using an acute model of lethal murine toxoplasmosis (Elsaid et al. 1999) and support the findings of Roberts et al. (1994) who demonstrated prevention of vertical toxoplasmosis and fetal death by vaccination with STAg entrapped within non-ionic surfactant. It is worth investigating the protective potentialities of the P32 antigen and further with an antigen specific to the bradyzoite stage of the parasite in order to enhance protective immunity.
